Based on observations of the 1982-1983 surge of Variegated Glacier, Alaska, a model of the surge mechanism is developed in terms of a transition from the normal tunnel configuration of the basal water conduit system to a linked cavity configuration that tends to restrict the flow of water, resulting in increased basal water pressures that cause rapid basal sliding. The linked cavity system consists of basal cavities formed by ice-bedrock separation (cavitation), ~1 m high and ~10 m in horizontal dimensions, widely scattered over the glacier bed, and hydraulically linked by narrow connections where separation is minimal (separation gap •< 0.1 m). The narrow connections, called orifices, control the water flow through the conduit system; by throttling the flow through the large cavities, the orifices keep the water flux transmitted by the basal water system at normal levels even though the total cavity cross-sectional area (-200 m2) is much larger than that of a tunnel system (-10 m2). A physical model of the linked cavity system is formulated in terms of the dimensions of the "typical" cavity and orifice and the numbers of these across the glacier width. The model concentrates on the detailed configuration of the typical orifice and its response to basal water pressure and basal sliding, which determines the water flux carried by the system under given conditions. Configurations are worked out for two idealized orifice types, step orifices that form in the lee of downglacier-facing bedrock steps, and wave orifices that form on the lee slopes of quasisinusoidal bedrock waves and are similar to transverse "N channels." The orifice configurations are obtained from the results of solutions of the basal-sliding-with-separation problem for an ice mass constituting a near half-space of linear rheology, with nonlinearity introduced by making the viscosity stress-dependent on an intuitive basis. Modification of the orifice shapes by melting of the ice roof due to viscous heat dissipation in the flow of water through the orifices is treated in detail under the assumption of local heat transfer, which guarantees that the heating effects are not underestimated. This treatment brings to light a meltingstability parameter E that provides a measure of the influence of viscous heating on orifice cavitation, similar but distinct for step and wave orifices. Orifice shapes and the amounts of roof meltback are determined by E. When E •> 1, so that the system is "viscous-heating-dominated," the orifices are unstable against rapid growth in response to a modest increase in water pressure or in orifice size over their steady state values. This growth instability is somewhat similar to the j6kulhlaup-type instability of tunnels, which are likewise heating-dominated. When E <• 1, the orifices are stable against perturbations of modest to even large size. Stabilization is promoted by high sliding velocity v, expressed in terms of a v 4/2 and v-• dependence of E for step and wave cavities. The relationships between basal water pressure and water flux transmitted by linked cavity models of step and wave orifice type are calculated for an empirical relation between water pressure and sliding velocity and for a particular, reasonable choice of system parameters. In all cases the flux is an increasing function of the water pressure, in contrast to the inverse flux-versuspressure relation for tunnels. In consequence, a linked cavity system can exist stably as a system of many interconnected conduits distributed across the glacier bed, in contrast to a tunnel system, which must condense to one or at most a few main tunnels. The linked cavity model gives basal water pressures much higher than the tunnel model at water fluxes •>1 m3/s if the bed roughness features that generate the orifices have step heights or wave amplitudes less than about 0.1 m. The calculated basal water pressure of the particular linked cavity models evaluated is about 2 to 5 bars below ice overburden pressure for water fluxes in the range from about 2 to 20 m3/s, which matches reasonably the observed conditions in Variegated Glacier in surge; in contrast, the calculated water pressure for a single-tunnel model is about 14 to 17 bars below overburden over the same flux range. The contrast in water pressures for the two types of basal conduit system furnishes the basis for a surge mechanism involving transition from a tunnel system at low pressure to a linked cavity system at high pressure. The parameter E is about 0.2 for the linked cavity models evaluated, meaning that they are stable but that a modest change in system parameters could produce instability. Unstable orifice growth results in the generation of tunnel segments, 
2. During surge, the pressure of water in the basal conduit system is high, within 2-5 bars of the ice overburden pressure, and occasionally reaching overburden; in the nonsurging state it is distinctly lower, generally 4-16 bars below overburden, but with occasional peaks to higher levels. Peaks in pressure, particularly those in which the water pressure rises to near overburden, correspond to peaks in sliding motion, both in surge and out. These facts are taken as indication that the direct cause of the high sliding speed in surge is high basal water pressure.
3. Major slowdowns in surge motion, and particularly surge termination, are accompanied by large flood peaks in the terminus outflow streams and by a drop of the glacier surface by 0.1-0.7 m. This, in conjunction with observations of uplift followed by drop of the glacier surface in minisurges [Kamb and Engelhardt, 1987] , is interpreted as an indication that the high sliding speeds and high basal water pressures in surge and in minisurges are coupled with extensive basal cavitation, as expected theoretically [Lliboutry, 1968; Kamb, 1970, p. 720; Iken, 1981; Fowler, 1987] .
4. The flow of water through the basal water conduit system, as indicated by dye-tracing experiments, is much slower in surge water pressures. A detailed explanation requires a detailed model of the relation between basal water pressure and sliding speed. Such a model can be developed within the framework of the basal sliding mechanism discussed here (or see Fowler [1986] ), but because, as will be argued, the detailed relationship between water pressure and sliding speed is not the essential element of the model needed to explain surging, I will here pass over these details and instead assume a simple empirical relation between water pressure and sliding.
The essential ingredient of the surge model is what causes the high basal water pressures in surge. How is the high basal water pressure maintained and indeed enhanced in spring and early summer, when, according to the standard model of the basal water conduit system [Rtthlisberger, 1972] , the pressure should drop as an increasing flux of water is carried by the system? Since high basal water pressure and high basal sliding promote basal cavitation, opening up holes (cavities) through which water could move at the base of the glacier, and thus increasing the hydraulic conductivity of the basal water conduit system, why does the water not drain out from under the glacier more rapidly than in nonsurge and thereby reduce the water pressure to subnormal values? Why, on the contrary, does the glacier in surge show an unusually high "retentivity" for water, as shown by the abnormally low water transport speed revealed by dye tracing? These questions go to the heart of what is in my view the essential physical difference between the surging and nonsurging states of the glacier. The surge model concentrates on explaining this difference and is therefore in the first instance a model of the basal water conduit system in surge.
The conduit system that dominates the transport of water in the nonsurging state is a basal tunnel system of the kind discussed in theoretical terms by R(Sthlisberger [1972] , Weertman [1972] , Nye [1976] , Spring and Hutter [1981, 1982] , and Lliboutry [1983] . It consists of one or two main tunnels, of order 1 or a few meters in diameter, running along the length of the glacier at the bed, usually near the center or deepest part, and probably fed by smaller side tunnels heading in glacier moulins. The water conduit system in the surging state is very different. This is shown by the dye tracer experiments in terms of the slow transport speed of water through the system and the high dispersion of the injected dye pulse [Brugman, 1986] . The system cannot consist of the normal tunnels of the nonsurging state with addition of conduits formed by basal cavitation under the high basal water pressure and rapid basal sliding because in this case the water transport speed would remain high and the total water transport (flux) would be increased so that, as noted running transverse to the ice flow would develop a long, connected cavity, but the transverse direction of hydraulic communication in it would not aid longitudinal transport of water.) When the basal water pressure becomes high enough and the sliding velocity rapid enough, cavitation in the bed areas intervening between the large cavities develops sufficiently to provide hydraulic connections between the cavities, but the connections are small features, much smaller than the cavities they connect. It is this system of hydraulically linked cavities that I here consider in a model of the surge mechanism. From the evidence previously discussed, it appears that most of the pressure drop or potential drop in the water flow through the linked cavity system occurs in the narrow connections, or orifices, as I will call them, and as a consequence, these orifices throttle and control the flow. On the other hand, for a parcel of water traveling through the system, most of its time is spent moving slowly through the above, the high water pressure could not be maintained, at least large cavities, so that the overall transit time is tied to the 200 m2 without an abnormally large throughput of water, which is not observed. It follows that the normal tunnel system must not be present. If the water conduit system in surge consisted of an openly interconnected network of basal cavities of the dimensions suggested, the water transport speed through it would be ~ 1 m/s, as it is through normal tunnel systems, the lateral dimensions of tunnels being of the same order. This is in strong contradiction with the observed transport speed, 0.025 m/s. It follows that the water flow through the conduits of 200 m2._ cross-sectional area must be throttled in some way. There is a natural reason why this should happen. In the sliding of ice over an irregularly undulatory bed, the distribution of normal stress across the ice-bedrock interface, which controls ice-bed separation, is such that the large cavities that form tend to be isolated from one another, so that the water in them tends not to communicate hydraulically. (A long steplike or wavelike roughness feature total cross-sectional area of the cavities. The water flow through the orifices is probably fast and turbulent, as will be seen later, and the water from each orifice probably emerges as a jet into the cavity downstream, which helps to explain how the water is able to pick up and carry a large amount of fine sediment in suspension.
In order to transport about
Once the basic topology of the water conduit system in surge is ascertained, it becomes possible to formulate a physical model of it in sufficient detail to permit its hydraulic properties to be determined, analogously to what has been done for the normal tunnel system by Riithlisberger [1972] . The results provide a basis for deciding whether the underlying picture of the surge mechanism is satisfactory and for identifying the physical conditions that distinguish the surging and nonsurging states of glacier motion, from which one can reason about what causes a glacier to be in the nonsurging or surging state. wide lateral dispersion of dye in the tracer experiment during surge (section 2, observation 5).
In developing a quantitative model of the linked cavity system I will consider the system in terms of a typical cavity and a typical linking orifice, illustrated in plan view in the distinction between cavity and orifice is sharpened by idealizing their geometry in the way shown in Figure 3b . Lo is the dimension of the cavity in the direction parallel to water flow, or, more precisely, the distance between successive orifices along the water-flow path. A = Lo/Lo is the "head gradient concentration factor" (section 5).
go is the average height of the cavity. g is the local height (measured perpendicular to the bedrock surface) of the separation-gap orifice. It is a function of position across the orifice, from the point of ice-bedrock separation to the point of recontact.
No is the number of independent orifices in a transverse section across the glacier. The average lateral spacing between independent orifices is W/No, where W is the glacier width. By independent orifices I mean orifices that are not in succession along water flow paths, so that their water fluxes add to make the total water flux carried by the system. An actual linked cavity system is an ensemble of cavities and orifices of different shapes and sizes, resulting from cavitation by basal sliding over the diverse and sundry roughness features of the bed, under a spatial distribution of basal shear stress, water pressure, and ice overburden pressure. The complexity of the actual system is suppressed in the model developed here by replacing the spectrum of cavity and orifice dimensions with a single set of "typical" dimensions as indicated above and by considering how these dimensions are controlled by a single set of values of basal shear stress '•, water pressure Pw, and ice overburden pressure PI, when basal sliding takes place over roughness features of a single type, with prescribed dimensions. equivalent to the statement that all drop in hydraulic head is taken This idealization, which is as great a simplification of the system across the orifices; hence the head gradient in the orifices is the as can be made without losing what I regard as its essential average gradient multiplied by LdLo = A (section 4). The orifice physical characteristics, is chosen here as the first approximation gaps are assumed to be thin compared to their breadth (g << l), as to the behavior of the complicated natural system. It is made in seems appropriate for narrow ice-bedrock separation gaps that are the same spirit as the analysis of basal sliding over a bed with a only marginally open. For simplicity, the typical orifice is taken single type of roughness feature [e.g., Weertman, 1957] ).
to have a cross-sectional shape that is constant along its length Lo.
Because the flow of water through the linked cavity system is The flow of water through the orifice is then determined locally controlled by the orifices, as discussed in section 3, and because by the local gap height g(x), which depends on a spatial coordithe orifices are the ice-bed separation gaps that are most sensitive nate x across the breadth l of the orifice. Since the flow is to the conditions controlling separation, the hydraulic behavior of turbulent (as will be shown), it can be obtained from the Manning the system is much more sensitive to the detailed geometry of the formula [RSthlisberger, 1972, equation (9) [1981, 1982] , is rather complicated [1972] ), which, in the model concept of R•thlisberger [1972] , are and will here be avoided by the simple assumption that the heat not tied to any topographic features of the bed. The "N channels" generated is transferred locally to the ice roof, as was assumed in were specifically assumed to follow bedrock channels incised by the original treatments of tunnel systems [R•thlisberger, 1972; erosion into the bed, whereas the linked cavity conduits consid- Nye, 1976 ]. This assumption guarantees that the effects of heat ered here are tied to bedrock roughness features of diverse kinds. generation on the linked cavity model will not be underestimated, because a heat transfer distributed over the cavity roofs as well as 5. WATER FLOW AND VISCOUS HEATING the orifices would reduce the melting in the orifices and thus reduce its effect on the hydraulic behavior of the linked cavity Given the geometry of the linked cavity model as specified in system. Under this assumption and neglecting the effect of the section 4, the flow of water through the system can be calculated pressure dependence of the melting point [R6thlisberger, 1972, oR. These two quantities are in principle related by the ice flow law and the geometry of ice deformation in the sliding-withcavitation problem; n = 3 will be assumed. The reasonableness of assumption (7) is shown by the fact that the formula giving the closure rate of a circular tunnel for linear rheology is converted by (7) to the exact result for nonlinear rheology [Nye, 1953] except for a numerical factor, which can be absorbed into TIR or oR. The shape of wave orifices will be considered in terms of separation in sliding over a "quasisinusoidal" bed with wave crests perpendicular to the sliding direction. It is based on a sine wave of wavelength )• and half amplitude a. The separation geometry is shown in Figure 6a . The length of the separation gap is l, and the gap height is g(x), the origin for x being at the head of the gap (point of ice-bedrock separation), the position of which is not prescribed in advance. The two-dimensional sliding-withseparation problem for linear rheology can be solved in closed form if a << •, as is appropriate for wave orifices which are narrow separation gaps. The normal stress across the ice-bedrock contact before onset of separation is assumed to vary as (x -Xo) 2, the amplitude of the variation being matched to that for the sinusoidal bedrock wave form in the vicinity of its inflection point, located at Xo. The actual bedrock wave form that gives this parabolic normal stress variation in the x interval over which separation later occurs is here called a "quasisinusoidal" waveform. According to (5), the gap length l tends to 0 as o --> o% but l remains nonzero for any finite confining pressure o, however large. Thus in the model, step orifices remain open to some extent even at very large Pi or very low Pw. Under these extreme conditions, when l s h, the approximation g'(x)<<1 breaks down, so that the relationships in (1)-(6) are not strictly valid, but it is assumed that they describe the model system to an adequate approximation up to the largest values of o that occur in practice.
Because actual ice rheology is nonlinear, (4)-(6) are only an approximation even when g'(x) is small. To deal with this, we use the simplest possible approach, which is to_make TI shear-stressdependent in (5) To obtain the steady state gap profile g(x) for a step cavity with meltback, the meltback rate (3) is put in opposition to the gap closure rate (6) to give the progressive widening or narrowing of the gap as seen moving with the ice:
When ( Because we are concerned with the possibility of an unstable orifice enlargement consequent upon increase in water pressure and because maximum stabilization of the orifice against enlargement is provided by maximum closure rate and therefore maximum length l, as indicated by (6), conclusion 2 makes the following simple procedure valid as a test for the existence of an instability. We make the approximation that • is constant, • = fv, so that is a "flux factor" analogous to (I) in (19). A curve of •P versus E', obtained from the results in Figure 10 , is given in Figure 9 .
ORIFICE STABILITY
In the integrations leading to the curves in Figure 8 , it is found that as E increases to near 1, the curves become very sensitive to the value of g. This is illustrated by the two dashed curves (with arrows) for E = 1 in Figure 8 , obtained by integrating with g = 9.31 and g = 9.32, respectively. Under these circumstances it becomes difficult to find the value g that permits the condition T(1)= 0 to be satisfied, and for this reason the E = 1 curve in Figure 8 The conclusion that basal water pressures are much higher in steady state under fixed hydraulic gradient is unstable against a linked cavity system than in a tunnel system at water flux perturbations in size or water pressure: if the size, or the water levels .>1 m•/s holds for step heights h and wave amplitudes a of pressure, is increased, the tunnel will grow, at an ever accelerating order 10 cm or less, such as those used in the model evaluations rate, because the wall melting rate increases faster than the tunnel in section 9. Because Qw is an increasing function of h, or of a closure rate as the size increases; conversely, if the size or the and •., as shown by (18) surge termination, by which the basal water conduit system converts from a linked cavity system to a tunnel system, with consequent drop in basal water pressure and slowdown of the sliding speed. It is noteworthy that the observed surge termination was immediately preceded by a high peak in water pressure [Kamb et al., 1985 , Figure 9 ], which could have provided the initiating perturbation that put the orifices into unstable growth. The values of the melting-instability parameters derived for the linked cavity models in section 9, E = 0.18 for the step orifice model and E'<_ 0.17 for the wave orifice model, from (37) and (41), are enough smaller than 1 to assure that these model linked cavity systems could exist stably at the glacier bed. At the same time E and E' are within "shooting distance" of 1, so that for reasonable changes in the model input parameters in section 9 it is possible to reach a condition where E > 1 or E' > 1.5, for which the linked cavity systems would be unstable and would convert to tunnel systems, as discussed above.
SURGE MECHANISM
The above considerations imply that it is possible for some glaciers to be in a state of rapid sliding motion with a linked cavity basal water conduit system at high basal water pressure, while for others the development of a tunnel system with low water pressure precludes such a state. Moreover, it is possible for a glacier to make a transition to this state and back again. This is the essence of a surge mechanism.
The 
. glaciers that can surge from ones that cannot surge. The linked cavity model in sections 7-11 provides a means of identifying in tions, I surmise that if viscous heating in the system is large simplified form what the relevant system parameters are, and of enough (E or E' large enough) and if the initiating perturbation is showing that for reasonable values of these parameters (such as big enough that a large enough number of orifices go into those listed in section 9) the conditions for the surging state can unstable growth simultaneously, a network of interconnected be realized, while for other reasonable values the conditions are tunnels may start to develop out of cavities linked by unstably not satisfied (sections 10 and 11). Since the "orifices" (section 3) growing orifices or by the tunnel segments shed downstream by of the linked cavity system control the water flow, their dimenthem. If this development is able to continue, which probably sional parameters are particularly important; in general, the requires that a large enough part of the bed be affected to allow roughness features that generate the orifices by basal cavitation the process to develop collectively and cooperatively, the linked must have small amplitude (.<0.1 m) in order that the conditions cavity system can thereby convert to a multiple-tunnel system, for surging can be satisfied. Also important is the sliding which then proceeds to degenerate into a single-tunnel system by velocity, because rapid sliding stabilizes the orifices, by multiple-conduit instability. In my view, this is the process of decreasing E in (17) and E' in (25). Sliding of ~1 rn/d under a basal water pressure about 6 bars below overburden is about offset by an increase of o• in (37) and (41a), but in fact ct did not sufficient to confer stability upon orifices generated by roughness increase in the area where the surge actually started (C. F. features of amplitude ~0.1 m, but if the sliding velocity were a Raymond, personal communication, 1986; C. F. Raymond et al., fifth this great, the orifices would be unstable, according to the Variegated Glacier studiesm1979, unpublished manuscript, model results in section 9. Since the sliding velocity at any given Figure 3) . basal shear stress and water pressure will increase as the bed The proposed surge mechanism, as described above, involves roughness is decreased, low roughness again favors surging, but entry into the surging state in winter. This is in agreement with the roughness that is relevant here is probably not that associated the fact that the surge of Variegated Glacier did start in winterwith the orifices but rather the larger-amplitude roughness time. However, the attainment of a surge speed of 2 m/d or more associated with wave cavities of the linked cavity system. in midwinter, when the availability of water for the basal water Although the distinction between "surgeable" and "non-system is minimal, indicates that them is more to the surge surgeable" glaciers thus seems in principle clear, there is a large initiation mechanism than the foregoing discussion suggests. The gap between these principles and their practical application to the concepts of the linked cavity model prove useful in considering in problem of explaining why certain glaciers surge and others do greater detail the cause of wintertime surge initiation, which will not. For one thing, the relationship between the simple model be taken up in a subsequent paper. parameters and the complex actual features of real glacier beds is problematical, and also there is in general no way to measure such Acknowledgments. This work was supported by grants parameters at the bottom of actual glaciers. Figure 4a ], the observed correlation can be considered an inverse correlation between surge probability and slope ct, which is a parameter in the model. (Clarke et al. [1986] concluded that the correlation was really with length alone and that slope had no effect, but a compelling statistical argument that would require this conclusion was not given.) The parameters 2 in ( 
